In a thermally driven rotary motor made from double-walled carbon nanotubes (DWCNT), the rotor (inner tube) can be actuated to rotate within the stator (outer tube) when the environmental temperature is high enough. A sudden stoppage of the rotor can occur when the inner tube has been actuated to rotate at a stable high speed. To find the mechanisms of such sudden stoppages, eight motor models with the same rotor but different stators are built and simulated in the canonical NVT ensembles. Numerical results demonstrate that the sudden stoppage of the rotor occurs when the difference between radii is near 0.34 nm at a high environmental temperature. A smaller difference between radii does not imply easier activation of the sudden rotor stoppage. During rotation, the positions and electron density distribution of atoms at the ends of the motor show that a sp 1 bonded atom on the rotor is attracted by the sp 1 atom with the biggest deviation of radial position on the stator, after which they become two sp 2 atoms. The strong bond interaction between the two atoms leads to the loss of rotational speed of the rotor within 1 ps. Hence, the sudden stoppage is attributed to two factors: the deviation of radial position of atoms at the stator's ends and the drastic thermal vibration of atoms on the rotor in rotation. For a stable motor, sudden stoppage could be avoided by reducing deviation of the radial position of atoms at the stator's ends. A nanobrake can be, thus, achieved by adjusting a sp 1 atom at the ends of stator to stop the rotation of rotor quickly.
methods to drive the rotation of a nanomotor, namely electric field [10, 11] , gas or liquid flow [12] , and light absorption [13, 14] . These methods have also been adopted in the design of CNT-based nanomotors. For example, Tu and Hu [15] designed a rotary motor driven by axially varying voltage under an isothermal condition. Wang et al. [16] built a rotary motor with one CNT shaft and three or six blades. The rotor in the motor rotated when it was actuated by an external electric field. Hamdi et al. [17] investigated a direct current driven rotary nanomotor made from MWCNTs. By controlling the density and flow rate of fluidic gases, Kang and Hwang [18] simulated the actuation of high-speed rotation of a CNT-based motor. Its rotational speed was around 1.5rad/ps, which means that the rotational frequency was about 240GHz. Prokop et al. [19] studied the behaviour of a gigahertz rotary molecular motor driven by either electric field or gas flow.
Besides the above methods for actuating rotation, environmental temperature can also drive the rotation of a CNT-based motor. In studying the large amplitude oscillation along the axis of the inner tube in a DWCNT driven by temperature, Xu and Zheng [20] found that the inner tube also had a rotational speed. At 100K, the angular velocity was about 0.04 rad/ps, i.e., a rotational frequency of about 6.3GHz. Cai et al. [21] investigated the mechanism of a thermally driven rotary motor based on DWCNT. They explained that the rotation of the inner tube in a fixed outer tube at a high environmental temperature is driven by the vibration of atoms on the inner tube and that the interaction between the two shells created a non-equilibrium torque before the rotational speed approaching a stable peak value. In a microcanonical NVE ensemble, if there is no degree of freedom (DOF) constraint applied on the motor, damping rotation of the rotor appears. As the system in a canonical NVT ensemble, both the momentum and the moment of momentum of system were not conservative. In the canonical NVT ensemble, to maintain an averagely constant temperature, the energy dissipation of the system due to the friction between two tubes is repaired by environmental thermal energy. It is also known that a higher relative motion between tubes leads to greater friction between the tubes. When the energy dissipation (due to friction) and absorption (from the environment) reached an equilibrium state, the DWCNT-based motor system worked in a stable state. Thus, the dynamic behaviour of the rotor was actually an intrinsic property of the system in its environment. Here we call the stable rotating state of system as the "coordinate state". In the report by Cai et al. [21] , the rotational frequency of the inner tube in a fixed outer tube almost exceeded 160 GHz. In the present work, the frequency is even higher than 260 GHz.
After finding the feasibility of designing a rotary motor driven by uniform temperature [21] , the way to design a stable motor becomes important. In this study, sudden stoppage of an inner tube in a fixed outer tube is found and the reasons are presented. The effects of asymmetry of the outer tube (stator of motor) on sudden stoppage are considered. For further comparisons, the difference in radii between the two tubes in the motor is also involved in simulation by a computational molecular dynamic (CMD) method. These results can be taken as guidance in design of a stable rotary motor or a nanobrake.
Models and Method
In the present CMD simulations, the adaptive intermolecular reactive empirical bond order (AIREBO) potential [22] is adopted to describe the force field of both covalent bonds and long-range van der Waals interaction among carbon atoms in a system. The whole system is under a canonical NVT ensemble. Before simulation, a Nosé-Hoover heat bath at a specified temperature is applied to the system. After 400 ps of relaxation, all the atoms on the outer tube are fixed while the atoms on the inner tube have no DOF constraints. In simulation, the time step size is 1 fs. In parallel computation, only 2 cores are adopted in the calculation to reduce errors caused by multiple cores. The classical molecular dynamics code of LAMMPS [23] is used in all the following simulations. The local electron density distribution is calculated using Quantum Espresso [24] .
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Fig. 1 Eight motor models from DWCNTs with the same rotor, i.e., (9, 9) but different stators. Eight motor models made from DWCNT are built with different radii (see Fig. 1 ); the parameters are given in Table 1 . The yellow atoms at both ends of the stator are fixed alternatively for 200 ps of relaxation. The deviation of the atoms on the outer tubes is enlarged by applying a non-coaxial inner tube in relaxation. Five environmental temperatures, 100, 300, 500, 800, and 1000 K, are considered in the simulation.
Results and Discussion
Fig . 2 shows that the difference in radii between the two tubes has an obvious influence on the rotation of the inner tube. For example, when the difference is only 0.295 nm (Fig. 2a) , rotation of the inner tube is barely actuated. The reason is that the small distance between the two walls leads to a higher potential barrier and the system cannot reach a coordinate state. Among all the models, the highest rotational speed of the inner tube occurs when the difference between radii is 0.325 nm (green curve in Fig. 2d ), which is very close to the equilibrium distance between graphite sheets (0.335 nm). In Fig. 2e , the inner tube is excited to rotate at 100 K, but that is the only instance among the total of 40 cases. That is to say, at low temperatures, rotation of the rotor is difficult to actuate. Fig. 2 further shows that in each model, the peak value of rotation of the inner tube depends on the environmental temperature. For example, the highest rotational speed of the inner tube in (9, 9)/(21, 4) (Fig. 2b ) is around 100 GHz at different temperatures of 300 K (red curve) and 1000 K (green curve). In the model (9, 9)/(18, 9), the peak value is about 260 GHz at 1000 K (green curve in Fig. 2d ). It is also the highest among the total 40 cases. In the model (9, 9)/(21, 6), the peak value is about 220 GHz at 800 K (pink curve in Fig. 2g ). The peak value is around 200 GHz at 500 K (blue curve in Fig. 2h ). Thus, a higher temperature more easily excites the rotation of the inner tube. But the peak value of rotational speed of the rotor may not occur at the highest temperature for the same motor. Sometimes, the highest temperature barely actuates the rotation of the rotor (see the green curves in Fig. 2c, f and g ). The reason needs to be found. In Figs. 2e and 2f, sudden stoppage of the rotor occurs during simulation as seen in the green curve (1000 K) at the 3285 th ps in Fig. 2e and in the pink curve (800 K) at the 1679 th ps in Fig. 2f . Fig. 3 shows the positions of the two tubes in (9, 9)/(20, 7) before and after the sudden stoppage of inner tube. It can be found from Fig. 3a that the yellow atom (sp 1 ) on the stator deviates from the equilibrium position (the grey circle) more than the other atoms at the end of the stator. Hence the attraction between the yellow atom and the rotor must be higher than that of the other atoms on the stator. At the 1671 st ps, the two yellow atoms are close each other but the distance is not small enough as we toought. So, the rotor keeps stable rotation until 1678 th ps. Before the 1679 th ps, the two yellow atoms on the rotor (blue atoms) and the stator (pink atoms) are separate. From the configurations of the left end of motor at 1679 th , the 1680 th and the 1681 st ps, we find that the inner tube shaves close to the yellow atom on the outer tube. It demonstrates that the rotor has no rotational speed on the time average. Fig. 4 gives the electron density distribution on the cross-section of the left end of motor. At the 1677 th ps, the two tubes have no overlap of high electron density (Fig. 4a) . At the 1678 th ps, the overlap of high electron density appears (Fig. 4b) , whileas the overlap doesn't happen between the two marked atoms. As the rotational speed of rotor is high and the distance between the rotor and stator is not small enough, new covalent bond doesn't appear. So, the relative motion of the two tubes still exists. At the 1679 th ps, the overlap of higher electron density near the two marked atoms appears (Fig. 4c) . The overlap continues in the subsequent simulation (Fig. 4d) . As a result, we conclude that the two marked atoms (sp 1 atoms) are bonded into two sp 2 atoms.
However, a lower difference between radii does not necessarily mean that the sudden stoppage ofthe rotor happens more easily. For example, there is no sudden stoppage in the models in Fig.  2(a-d) , mainly because of the higher stable mutual repulsion between rotor and stator. Thermal vibration of atoms on the rotor is confined within a smaller region. The amplitude of the inward radial oscillation is greater than that of the outward oscillation. Therefore, a sudden stoppage is unlikely to occur.
If the system acts as a motor to drive the motion of other components in a NEMS (Nano electromechanical system), sudden stoppages should be avoided by reducing the maximum (h) (9,9)/(19,9), RD=0.365nm
deviation from the equilibrium positions of both ends of the stator. On the other hand, to stop the rotation of the rotor quickly, we can adjust the deviation of an atom at the end of stator to form a covalent bond with an atom at the end of the rotor. Fig. 4 Electron density distributions at the left end of (9, 9)/(20, 7) motor before and after sudden stoppage.
Conclusions
From our numerical results, the sudden stoppage of rotor is identified and the dependence of sudden stoppage on the difference between radii and on environmental temperature is demonstrated. Some conclusions can be drawn for the potential application of nanomotors in NEMS. 1) In a DWCNT-based motor with a small difference in radii between two tubes or at low environmental temperature, excitation of the rotor is difficult, and no sudden stoppage occurs. 2) At high temperature, sudden stoppage of the rotor can easily occur in a motor with the difference of ~0.34nm between radii when the maximum radial deviation of atoms at the end of the outer tube is high. 3) In an oblique chiral outer tube, radial deviation of atom position on the outer tube is easily obtained. To maintain a stable rotating state of the thermally driven motor, such deviation should be controlled within a small range. 4) The phenomenon of sudden stoppage of the rotor also suggests another way to stop the rotation of an inner tube in a nanomotor, rather than relying on intertube friction.
